The effect of the green microstructure in the swaged Al2O3 with 98% reduction in area by the controlled fracture forming (CFF) on its grain growth behavior was investigated. The kinetics of grain growth in the Al2O3 compacts fabricated by the CFF process and by conventional process was estimated. The results indicate that both Al2O3 compacts obey a cubic law, but the grain growth rate constant K of the conventionally processed Al2O3 is 6 times as large as that of the swaged Al2O3 with 98% reduction in area. The retardation of grain growth in the swaged Al2O3 is attributed to the pores which are homogeneously distributed in the microstructure due to the flow and rearrangement of particles during the CFF process. The increase in number of pores per grain is responsible for the decrease in velocity of grain boundary migration. The mechanism for retardation of grain growth in the swaged Al2O3 is considered to be the pore-controlled mechanism.
Introduction
It is well known that the grain growth during sintering is not favorable to the densification of ceramics because the densification rate is inversely proportional to the cubic of grain size, where the volume diffusion is controlling mechanism for densification; and the quartic of grain size, where the grain boundary diffusion is controlling mechanism.
Obvious increase in grain size causes significant decrease in densification rate, so that a fully dense product will not be achieved. In addition, finer grain size is responsible for the excellent mechanical properties of final products. Hence, it is one of the major issues for many researchers to control the grain growth during sintering.
Additives are commonly used to retard grain growth as a result of their drag forces acting on the migration of grain boundary.
However, the choice of a suitable additive remains largely empirical because of the specific function of an additive to a matrix material. On the other hand, control of the characteristics of starting powders and green compacts has also been considered to be valid for fabricating a final product with uniform grain size. These characteristics include particle size, packing of particles, pore size and pore size distribution in the microstructure of green state. Zhao and Harmer developed a model to describe the effects of the pore size distribution and the number of pores per grain on the microstructural development in the final stage of sintering. They concluded that the increase in number of pores per grain anda narrow pore size distribution were favorable to inhibiting grain growth and increasing densification rate.Lange and Kellett estimated the conditions for the grain growth in porous compacts and related the grain growth phenomenon to the densification of compacts. They indicated that the grain boundary motion in sinteringcould be limited by the geometry of the sintered particle network.Camero and Raj found that the rapid grain growth occurred until the relative density reached 95% T. D.(theoretical density). They interpreted their results in terms of the packing homogeneity in the green compact which had been prepared by colloidal processing. Suzuki et al. reported that the Al2O3 compact formed by high-speed centrifugal compaction process could be densified to be more than 99% T. D. with homogeneous and fine grains at very low temperature such as 1500K. They also attributed their results to the homogeneous green microstructure which had been generated by the special forming process. In our former researches, the resintering behavior of Al2O3 compactsfabricated by the CFF process, a novel process to make microstructural refinement together with the near net shaping of ceramic materials, indicated that the relative density could be improved to 98.2% T. D. at 1573K for 1h and negligibly small grain growth was observed when the relative density became less to 97.5%. We interpreted these behaviors to be attributed to the homogeneousmicrostructure in the green compact which resulted from the rearrangement and flow of crushed particles due to the high compressive stress through the plastic deformation of a sheath metal continuously applied to the ceramic core during CFF process. However, further investigation about the microstructural evolutionin the swaged Al2O3 compacts is necessary to make certain of the mechanism for the retardation of grain growth.
The objective of the present research is to quantitatively analyzethe variation of pore size and pore size distribution in the green compacts fabricated by the CFF process to clarify the effect of the pore morphology on the behavior of grain growth. The kinetics and the controlling mechanism for retardation of grain growth are discussed together with the effect of pore on grain boundary migration. 3 Results and Discussion
Kinetics of Grain Growth
The dependence of grain size on resintering time for
Al2O3 compacts by the conventional process (0% reduction)
and by the CFF process (98% reduction) is illustrated in Fig. l and Fig.3 is not attributed to the impurity effect.
Table1
Grain growth rate constants at various temperatures (m3/s) Besides the effect of impurity, the starting powder size and the green microstructure dominated by processing are considered to have significant effects on the inhibition of grain growth. The pore morphology including pore number, pore size and pore size distribution in green compact strongly influences the migration of grain boundary. Brook substantially analyzed the interaction between pores and grain boundaries. The pores locating on grain boundary or on the junction of several grains act a drag force to the grain boundary in the opposite direction of migration of boundary. The velocity of grain boundary is reduced by the drag force and controlled by the number of pores, which is expressed as follows:
where Vb is the velocity of grain boundary, Mb the mobility of grain boundary, Fb the driving force for grain boundary, Fp the drag force acting on grain boundary by pores and N the average number of pores locating on grain boundary.
The equation indicates that the increase in number of pores The EDS microanalysis spectrum of the swaged Al2O3 with 98% reduction. Fig.6 The pore size distribution in the microstructure of the conventionally processed Al2O3. 
where N(98%), N(0%) and rp,(98%), rp(0%) are the average number of pores on grain boundary and the mean radius of pores in the Al2O3 compacts with 98% reduction and 0% reduction, respectively.
Then:
It indicates that the average number of pores locating on the grain boundary in the swaged Al2O3 compact with 98% reduction is 4.2 times as many as that of compact with 0% Fig.7 The pore size distribution in the microstructure of the swaged Al2O3 by the CFF process.
reduction. This increase in N is responsible for the decrease in grain size shown in Fig. 1 and the decrease in grain growth rate shown in Fig.3 according to equation (2) .It supports that homogeneously distributed small pores in the greenmicrostructure of the swaged Al2O3 are beneficial to the inhibition of abnormal grain growth. In order to clearly explain the mechanism for retardation of grain growth in the swagedAl2O3, a schematic diagram showing the effect of pore morphology on the grain growth is illustrated in Fig.8 . Symbol A represents the microstructure of the conventionally processed Al2O3. This microstructure is not homogeneous in which local dense regions and larger pores simultaneously exist. After being resintered, the large grains in the dense region grow at the expense of some smaller grains and abnormal grain growth occurs due to no pore drag force acting on the migration of grain boundary. On the other hand, the large pores with higher coordination number can not be eliminated, because they are considered to be thermodynamically stable. The developed inhomogeneous resintered microstructure can be observed in Fig.4(A) . If the conventionally processed Al2O3 compact is cold-swaged by the CFF process, some changes occur in the microstructure. Symbol B represents the microstructure of the swaged Al2O3. It indicates that the larger pores have been divided into the small ones and the local dense regions have disappeared due to the flow and rearrangement of particles during the CFF process. In resintering process, the pores homogeneously locating on the grain boundary or on the junctions of several grains drag the migration of grain boundaryto suppress the grain Fig.8 The schematic diagram of the effect of pore morphology on grain growth.
growth. Because of the uniform distribution of the small pores in the whole region, the abnormal grain growth is able to be effectively retarded. The homogeneous resintered microstructure shown in Fig.4 (B) supports this drag effect of pores. Therefore, the mechanism for retardation of grain growth in the swaged Al2O3 is considered to be pore controlled mechanism.
If pores are homogeneously distributed in the whole microstructure, the pores will effectively inhibit the grain growth until they are eliminated entirely.
Moreover, keeping pores attached on grain boundaries is considered to be favorable to suppressing the abnormal grain growth. The mobility ratio, Ma/Mb, is a reasonable parameter to describe the attachment of pores on grain boundaries. The larger the ratio is, the easier the pores attach.
The ratios for the Al2O3 compacts with 98% reduction and 0% reduction have been calculated in the present research. Considering that the grain growth exponents for both Al2O3 compacts are equal 3, the pore migration is considered to be controlled by lattice diffusion and the pore mobility can be expressed for a spherical geometry as follows:
MP=KlDv/r3o (6) where Mp is the mobility of pore, Dv, the lattice diffusion coefficient, K, a constant and rp the pore radius. As discussed above:
From the results shown in Fig.3 , the following relation might be deduced:
where Mb(0%) and Mb(98%) are the mobilities of grain boundary in Al2O3 compacts with 0% reduction and 98% reduction , respectively. Comparing equation (8) and (9) properties will be reported in the future paper. 4 
Conclusion
(1) The controlled fracture forming process is favorable to develop a homogeneous microstructure with narrow pore size distribution and small mean pore size in green compact. This homogeneous green microstructure results in retardation of grain growth and uniform resintered microstructure.
(2) The kinetics of grain growth for the swaged Al2O3 (98% reduction) and conventionally processed Al2O3 (0% reduction) obey a cubic law. However, the grain growth rate constant of the swaged Al2O3 is only nearly 1 /6 of that of conventionally processed Al2O3. The increase in average number of pores locating on grain boundary in the swaged Al2O3 is responsible for the decrease in velocity of grain boundary migration.
(3) Rough calculation of the mobility ratio indicates that the pores in the swaged Al2O3 are easy to attach to the grain boundary so as to suppress the abnormal grain growth in resintering. (4) The mechanism for the retardation of grain growth in the swaged Al2O3 is considered to be the pore-controlled mechanism.
